The complexity hypothesis posits that network connectivity and protein function are two 13 important determinants of how a gene adapts to and functions in a foreign genome. Genes 14 encoding proteins that carry out essential informational tasks in the cell, in particular where 15 multiple interaction partners are involved, are less likely to be transferable to a foreign organism.
Introduction 31
The Complexity Hypothesis assigns the function and the network interactivity of a gene 32 product as two primary factors determining a gene's capacity to successfully transfer and 33 7 identity (84% to 94%), relative to E. coli EF-Tu, than the twelve non-viable EF-Tu's (82% to 155 69%). It is interesting to note that there is only a small difference in total percent identity 156 between several of the non-viable EF-Tu's, (AnEF2, AnEF3, AnEF4, AnEF6, and B. hanselae, 157 80-82% similarity), and the most distantly related viable EF-Tu (P. aeruginosa, 84% similarity), 158 suggesting that the loss of viability in these cases might be associated with changes in a few 159 important residues of EF-Tu.
161

Connectivity analysis of EF-Tu reveals an extensive interaction network
162 Several studies suggest that protein connectivity in a given network might modulate its activity 163 in the cell (Fraser, et al. 2002; Hahn, et al. 2004; Lemos, et al. 2005) . To examine this, we 164 retrieved an E. coli interactome from the HitPredict database (Patil, et al. 2011) and measured 165 the connectivity of EF-Tu in this network. The connectivity of EF-Tu was quantified by 166 measuring its so-called 'degree centrality'. Degree centrality is defined as the number of 167 interactions that a given node has in its network. The average degree centrality of all proteins in 168 the E. coli interactome is 12, whereas the degree centrality of EF-Tu is much higher at 172.
169
Relative to all proteins in the interactome, EF-Tu ranks among the top ten most connected 170 proteins in E. coli ( Supplementary Table 1 ). Interestingly, the set of its first interaction partners 171 is enriched in essential proteins (p-value = 3.66 x 10 -21 ), as calculated via the HitPredict 172 Database ( Figure S4 ). Accordingly, this analysis suggests the possibility that, in addition to 173 affecting the specific activity of EF-Tu in protein synthesis, additional deleterious effects on 174 fitness might be due to the foreign tuf homologs disturbing the extensive interaction network of 175 EF-Tu. We generated E. coli strains in which the E. coli tufA gene was replaced by ancestral 180 and modern homologs of tuf, from a broad spectrum of species and ancestral nodes. The 181 origins of the ancestral EF-Tu sequences ranged in age from the Precambrian era, 182 approximately 0.7 bya, back to the last universal common bacterial EF-Tu ancestor, 183 approximately 3.6 bya ( Figure 1 ). We showed that homologs of EF-Tu encoded by tuf genes 184 from within the γ-proteobacteria, including one of the reconstructed ancestral node sequences,
185
AnEF1, are functionally active in E. coli and support viability when present as the only tuf gene 186 in the chromosome (shown in green in Figure 2 ). In contrast, more distantly related homologs 187 and ancestral sequences were unable to support viability as the sole tuf gene. Among the four 188 viable homologs, there was a good correlation (R = 0.938) between phylogenetic distance from 189 E. coli EF-Tu and the magnitude of reduced growth fitness for the three homologs from extant 190 species (Figure 2 ). The exception was the reconstructed ancestral node sequence, AnEF1,
191
where the decrease in relative fitness was much greater than predicted by phylogenetic 192 distance (Figure 2 ).
193
The correlation between phylogenetic distance from E. coli and relative growth fitness for 194 the viable homologs raises the question of whether the underlying cause of the reduced fitness 195 is a reduction in the specific activity of the foreign EF-Tu's and/or a reduction in the amount of 196 EF-Tu produced. By measuring EF-Tu protein concentration as a function of total protein 197 concentration for each viable strain, including E. coli carrying only tufA, we observed a strong 198 correlation between relative growth fitness and EF-Tu concentration for the each of the four EF- 
218
An important question is why some of the not-too-distant foreign homologs are unable 219 to support viability. At the level of total amino acid similarity there is very little separating viable 220 from non-viable EF-Tu sequences, with the boundary falling at approximately 84% similarity to 221 E. coli EF-Tu ( Figure S2 ). Given the very high level of conservation of EF-Tu it is possible that 222 the non-viability of some foreign EF-Tu's might be related to the alteration of just one or a few 223 critically important residues. Indeed, many single amino acid substitutions in EF-Tu have been 224 shown to generate protein variants that do not support viability (Abdulkarim, et al. 1991 ),
225
including one single amino acid substitution in EF-Tu that permits ternary complex formation 226 but abolishes translation activity by preventing ternary complex interaction with the ribosome 227 (Tubulekas and Hughes 1993b). To facilitate an assessment of the amino acid differences 10 between viable and non-viable EF-Tu's their amino acid sequences were aligned ( Figure 4 ). Of 229 the 393 residues in E. coli EF-Tu, there were 116 residues that were identical in all of the viable 230 EF-Tu homologs, but differed in at least one of the 12 non-viable homologs. Variation at one or 231 more of these residues might explain the difference between EF-Tu viability and non-viability in 232 E. coli. The 116 residues were distributed between each of the three structural domains of EF-233 Tu, with 48 in the G-domain, 38 in domain 2 and 30 in the C-terminal domain 3 ( Figure S3 -A).
234
Several of the 116 variant residues lie within functionally important regions of EF-Tu including 235 those involved in coordinating GTP hydrolysis, interaction with EF-Ts, and interaction with the 236 ribosome (Kothe, et al. 2004; Kavaliauskas, et al. 2012; Thirup, et al. 2015) . 
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( Figure S3 -B). The altered residues potentially affecting GTP hydrolysis are at V20, G41, A43, 242 R44, F46, N51, N63, T64, C81, and V88 ( Figure 4 ). In addition, there are alterations in the P-243 loop, the Switch II region, and parts of domain 3 that are involved in interactions with EF-Ts 244 and in helix D of EF-Tu (residues 144 -156), that is involved in interactions with EF-Ts and 245 protein L7/L12 on the ribosome (Kothe, et al. 2004; Thirup, et al. 2015) . We can only speculate 246 on the exact reason for the non-viability of these EF-Tu homologs. It seems unlikely that it is 247 directly related to defects in binding or hydrolyzing GTP, given that this process involves highly 248 conserved residues and structures and that the EF-Tu's from extant organisms must be 249 capable of supporting viability, including GTP binding and hydrolysis, in their natural system.
250
Similarly, each of the ancestral homologs can support in vitro translation, albeit at a low 251 efficiency, arguing that they also can bind and hydrolyze GTP. A similar line of reasoning could 252 also rule out interactions with aa-tRNA's as the cause of non-viability. Perhaps the most plausible reason for non-viability is defective interactions with EF-Ts and/or the ribosome. It 254 seems reasonable to suggest that EF-Tu has co-evolved with EF-Ts and the ribosome, to 255 modulate the efficiency of these interactions in each species. We suggest accordingly that the 256 cause of non-viability for distantly related EF-Tu's is not that they cannot function as enzymes 257 capable of forming a ternary complex and hydrolyzing GTP, but rather that they are defective in 258 one or more of the other important interactions made by EF-Tu, namely, with EF-Ts, with the 259 mRNA-programmed ribosome, and possibly even interactions outside of protein synthesis 260 involving one or more members of EF-Tu's extensive protein interaction network ( Figure S4 ).
261
Co-evolution of EF-Tu with its interaction partners would create a barrier to transfer for EF-Tu's 262 beyond a certain threshold.
263
We previously hypothesized that evolutionary novelties are more likely to be shared 264 between a descendant and its ancient homolog than between two currently existing protein 265 homologs (Kacar and Gaucher 2012). Accordingly, replacing an existing gene with its ancient 266 homolog may have a smaller negative fitness impact on the organism relative to exchanging 267 the native gene with a currently existing homolog. However, functional divergence occurring 268 through time could result in ancestral sequences being so maladapted to the new host cell that 269 a functional organism is all but precluded (Copley 2003) . This limitation does not apply only to 270 ancestral genes and it has been suggested that as the number of nodes connecting a protein 271 within its protein-protein interaction network increases, the probability that a protein could be 272 successfully replaced with a homolog will decrease even if there is a functional equivalence 273 between the endogenous gene and the homolog (Jain, et al. 1999) . While a careful assessment 274 of candidate ancestral protein properties prior to integration is helpful, in most cases, studying 275 gene-triggered genomic perturbations experimentally through the integration of ancestral 276 genes offers a valuable and complementary alternative to existing methodologies that use 12 extant homologous proteins (Johnsen and Levin 2010; Acevedo-Rocha, et al. 2013; Pal, et al. 278 2014; Hobbs, et al. 2015) .
279
How can we identify the specific historical constraints on replacement? We observe 280 that only the ancient EF-Tu representing an ancestor within the γ−proteobacteria, AnEF1 (0.7 281 bya), and the modern EF-Tu homologs from extant γ−proteobacteria, are viable. In contrast, the 282 last common ancestor of the α-, β-, and γ−proteobacteria, AnEF6 (1.3 bya) is non-viable.
283
Accordingly, we speculate that mutational substitutions in EF-Tu occurring between 1.6 bya 284 and 0.7 bya influenced the replaceability of tuf genes. These mutations may constrain tuf 285 replaceability by disturbing the EF-Tu's functional interaction with other cellular components, 286 ultimately impacting its participation in protein synthesis. Thus, extensive mutational 287 remodeling of interaction partners may be necessary in order to engineer even older ancient tuf 288 genes inside the bacteria.
289
Conclusions 290
We show that foreign tuf genes encoding EF-Tu proteins exhibit suboptimal functionality 291 and reduced fitness when introduced into another host. The sub-optimality of the foreign tuf 292 genes most likely results from disturbances in interactions directly important for protein 293 synthesis, but suboptimal EF-Tu protein levels and disturbance of other potentially important 294 interactions in the network of EF-Tu might also play a role. The observation that the only tuf 295 homologs that supported viability belong to γ-proteobacterial taxon, or an associated ancestral 296 node within the γ-proteobacteria, suggests that there is a relatively stringent "transferability 297 cutoff" i.e., a point in the phylogeny beyond which functional divergence is too great for 298 replacement. For EF-Tu protein this transferability zone is within the ancestral and modern γ-299 proteobacterial taxon, unlike some ribosomal proteins where constraints on replaceability are 300 less stringent (Condon, et al. 1995; Lind, Tobin, et al. 2010) .
Future efforts may involve identifying protein sites that interfere with organismal level 302 function, and epistatically inhibit an ancient protein's function in a descendant organism. Our 303 experiments suggest that a protein like EF-Tu, that is highly conserved, and involved in multiple 304 highly conserved interactions, is so highly optimized and fine-tuned in the host organism that it 305 is essentially irreplaceable with distantly related foreign genes. The degree to which epistatic 306 interactions constrain EF-Tu replaceability and functionality in the cell needs to be studied more 
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Genetic markers were moved between strains by phage-mediated (P1 virA) transduction.
348
Lysates of the strains carrying the marker were made by mixing 1 mL of overnight culture 349 containing 5mM CaCl 2 with 100 µl of the P1 virA lysate previously made on E. coli MG1655.
350
The bacteria:phage mix was incubated for 10 minutes and then 4mL of soft-agar (LB media + 351 0.8% agar + 5mM CaCl 2 ) were added; this mixture was spread over an LA plate and incubated 352 overnight. To release the bacteriophages the soft-agar was mixed with 4 mL and vortexed. The 
375
Oligonucleotides for construction of strains, PCR and sequencing are shown in Table S1 . 
419
Focused-ultrasonicator instrument with 125W power over 180s with 10% max peak power.
420
Lysed cells were digested via FASP digest according to the FASP Filter Aided Sample Prep protocol for trypsin digestion, followed by HPLC purification. We used Promega ® Sequencing 
